Introduction
Polycrystalline Cu(In 1-x ,Ga x )Se 2 is a very promising material for thin film photovoltaic and also highest reported efficiently for a laboratory scale CIGS, solar cell is 22.3% which was gained by Japanese CIGS producer Solar Frontier [1] . This is a first time that CIS has crossed the 22% efficiency boundary a level not yet surpassed by any other thin-film or multi-crystalline silicon technology.
Before that, the Cu(In 1-x Ga x )Se 2 (CIGS) based thin film solar cells have earned special interest among the thin film solar cell and there are several important merits in CIGS to reach high efficiency: (i) the band gap of CIGS can be varied from 1.06 to 1.7 eV in such a way by varying Ga composition to obtain required bandgap that meets the solar spectrum to absorb most of the photons, (ii) the thermal expansion coefficient of CIGS matches with soda-lime glass, (iii) in order to make abrupt junction with window layer, the carrier concentration and resistivity of CIGS can be varied by controlling its intrinsic composition without extrinsic doping, (iv) the band gap of absorber layer decides how much quantity of thickness to be needed for the absorber in the thin film solar cell [2] .
The CIGS has a direct bandgap with a high optical absorption coefficient which using absorber of only a few microns thick. Furthermore, CIGS thin film exhibits a tunable band gap [3] an excellent outdoor stability and radiation hardness.
The chemical complexity of the layers of a chalcopyrite cell and the presence of a hetero-interface make us understand that the physical phenomena is more difficult than in the case of polycrystalline silicon so we need fundamental studies to a better understanding the physico-chemical of these devices to better control their technology.
Also CIGS solar cells have complex defect structures at their active interfaces. The identification and removal (or passivation) of defects is, therefore, becoming crucial in improving the reproducibility, performance, stability, yield, and lifetime of PV solar cells. This improved understanding of solar cell structures could lead to the achievement of stable, low-cost, and highly efficient solar cells in the future.
Several documents were published on material growth, processing and characterization on one side, and on the performance of finished cells and modules on the other but the interpretation of the experimental data is often difficult due to lack of accurate model and also data about defect, band offsets, carrier density at grain boundaries and interfaces are hard to obtain experimentally.
Therefore numerical modelling to describe PV thin layer devices is a convenient tool to better understand the basic factors limiting the electrical parameters of the cell and to increase their performance.
Numerical modeling of solar cells in thin layers has evolved from a rather exotic research area to a usual practice today.
There were several numerical studies for investigation of thin film solar cells and these reports investigate parameters of cells, which directly contribute in performance of thin film cell [4] [5] [6] [7] [8] [9] .
Numerical simulations of solar cells have the advantage that all device and material properties are well controlled as they are input parameters of the model and, therefore, evaluation of trends and quantified changes in J-V or QE measurements are possible.
This work aims at using numerical simulations SCAPS-1D [4] to investigate the effect of gallium grading on CIGS cell performance and the effect of defect density in the layers of CIGS and in the interface CdS/CIGS.
Firstly, we will report the modeling and simulation results of CIGS cell with the previously reported experimental result and the agreement between experiment and our simulation is good for the efficiency and validates our set of parameters as a baseline for simulating the influence of the variation of other parameters on the solar cell performances. Secondly we will studies the effect Ga-grading in the absorber CIGS and thirdly we will vary the defect density absorber layer CIGS and the defect at interface CdS/CIGS and we conclude.
II. Methodology

Cell structure and material parameters
The photovoltaic structure to be studied is based on CIGS absorber with a CdS layer acting as buffer layer and ZnO as window layer. Molybdenum (Mo) was chosen as back contact. Figure 1 shows the sequence of the different layers of the solar cell, Mo/CIGS/CdS/ZnO. Thicknesses of each layer are also indicated in Figure  1 .
In order to run numerical simulation calculations the baseline parameters of all the components of the solar cell have to be defined to be used as inputs for SCAPS software. These parameters can be grouped in three sets; physicochemical properties of the layers themselves, density and main characteristics of defects on each layer and characteristics of the interfaces CIGS/CdS and CdS/ZnO. Table 1 .a displays the layers' properties (bandgap energy, electronic affinity, thicknesses, dielectric constant, electron and hole motilities (µ n and µ p ), effective density of states in the conduction band and in the valence band (N C and N V ) and concentration of the acceptors and donors (N A and N D ) for every layer of the photovoltaic device. In the case of the absorber both energy bandgap and electron affinity was varied to meet the real values for CuIn 1-x Ga x Se 2 as a function of the gallium content. Table 1 .b displays the characteristics (type of defect, density electron and/or hole capture cross section) for the Gaussian distributed defects states in the layer components of the CIGS solar cell. The density of defects was varied from 10 14 to 10 18 cm 2 to evaluate their effect on the performance of the device. Table 1 .c shows the interface properties (density of defects and electron/hole capture cross sections at the interfaces CIGS/CdS and CdS/ZnO, respectively. The density of defects at the interface CIGS/CdS was varied from 10 14 to 10 20 cm -2 . All these materials are well known materials and their properties can be easily found in the literature and experimental studies available in references [5] [6] [7] .
The absorption and optical parameters used in this paper for CIGS, CdS and ZnO layers were taken from references [8] [9] [10] respectively.We have not taken in to consideration the influence of the series and shunt resistance in this calculation. The standard solar spectrum AM1.5 was used for analyzing the behavior of CIGS solar cell under illumination and the temperature was set at 300 K.
Numerical modeling
The output characteristics of CIGS thin film solar cell were numerically simulated through Solar Cell Capacitance Simulator (SCAPS) software [4] .We used the latest version of SCAPS version 3.3 03 to evaluate the influence of defects on the properties of the solar cell. SCAPS is a free program developed at the Gent University by M. Burgelman et al. designed for thin film solar cells 1-D modeling and made available to university researchers in the photovoltaic community since 1998. The user enters parameters to define the different materials and interfaces that compose the solar cell . The main limitation of this software simulation tool is that a very good knowledge of the parameters of the materials composing the cell is needed.. SCAPS 1-D solves the basic semiconductor equations that are the Poisson equation, relating the charge to the electrostatic potential F, and the continuity equations for electrons and holes and gives the performance parameters of the cell. SCAPS treats also some tunneling mechanisms. The model implemented for interface transport in SCAPS is thermionic emission. The thermal velocity of the interface transport equals the smallest thermal velocity of the two neighboring layers [11] . For the defect, we use the same definition for interface defects and bulk defects. However, there are only three possible defects and their charge type cannot be multivalent. For recombination in interface states we used for model the Pauwels-Vanhoutte theory [12] [13] ,
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III. Results and discussions
We have investigated the effect of Ga content in CIGS, defects in CIGS, CdS and ZnO and interface defects at interface CdS/CIGS. According to the solar cell structure shown in Figure 1 and the material parameters displayed in Table 1 the output of SCAPS software gives the energy band diagram of the CIGS solar cell. Figure 2 shows the energy band diagram of the CIGS-based solar cell to be analyzed.
CuInSe 2 and CuGaSe 2 are materials with a direct band gap of 1.06 eV and 1.7 eV, respectively. The difference is mainly due to a difference of the minimum of the conduction band (EC). Therefore, the band gap of the quaternary CuIn 1-x Ga x Se 2 material can be tuned to the desired value by adjusting the Ga content.
The energy band gap and electron affinity depends on the Ga content in the CIGS layer and it is defined as Ga/(Ga+In) or 'x' ratio in equations (1) and (2) . The dependence of the band gap energy (eq. 1) and electron affinity (eq. 2) with the Ga content were taken from reference [15] . Eg = 1.06 + 0.39238 (x) + 0.24762 (x) 2 (1) and  e = 4.6 -1.15667 (x) + 0.03333 (x) 2 ( 2) The results of energy band gap and electron affinity calculated by these equations were used in Gallium grading effect on cell performance.
Effect of Ga content on the cell performance
In order to check the effect of Ga content in the absorber and in the PV devices we have compared the main photovoltaic (PV) parameters for both simulated and experimental data. Figure 3 compares the conversion efficiency of two sets of experimental CIGS-cells for manufactured for different Ga-content of the absorber [15, 16] with our simulation. The dependence with the Ga-content in the absorber is similar for both sets of experimental data reaching the optimal performance for a Ga-content about 30%. The efficiency of CIGS solar cells presented by reference 12 is higher than reference 13 but the behavior with the absorber content is similar. Table 2 compare also with x=0.3 the simulation parameters with the experimental data issued from Solar cell efficiency tables 2016 [18] . The conversion efficiency for the simulated CIGS cell is quite close to the real device. This produces a realistic basis for all further simulations. Band gap energy, Eg, and electron affinity,  e, were calculated from equations 1 and 2 the output have been used in the simulation of the performance of CuIn 1-x Ga x Se 2 solar cells with different amounts of Ga. Table  3 shows the photovoltaic parameters of the CIGS cell for different Ga contents in the absorber layer. When Garatio (x) increases from 0 to 1 the band gap increases from 1.06 eV (CuInSe 2 ) to 1.7 eV (CuInGaSe 2 ).
Electron affinity decreases from 4.60 to 3.47 eV when x ranges from 0 to 1. According to our numerical simulation results the highest conversion efficiency is reached for CIGS absorbers with Ga-content about 30% (x=0.3). When x increases Eg also increases and as a result V OC increases from 0.54 V to 0.820 V due to the higher bandgap of the absorber. However, Jsc decreases from 41.67 to 25.89 mA/cm 2 because part of the solar spectrum is not harvested by the solar cell [19] .
For the Ga ratio exceeding 30% (x>0.3), the overall performance of the CIGS solar cells begins to drop down. The concentration of defect varies with the Ga-content in the absorber alloy The responsible mechanisms for the limitation of the performance for the CIGS solar cells with the high Ga contents are explain by that the concentration of defect varies with the Ga-content in the absorber alloy and the trap density increased exponentially above 0.30, negating any expected increase in efficiency due to the increased band gap concentration of defect by that the concentration of defect varies with the Ga-content in the absorber alloy and the trap density increased exponentially above 0.30, negating any expected increase in efficiency due to the increased band gap [20] . Figure 4 shows the main photovoltaic parameters for the CIGS solar cells as a function of the gallium content. As can be seen the short-circuit current is constant up to Ga contents about 30% and then decreases due to the rise of the bandgap of the CIGS absorber. The open-circuit voltage tends to increase with the amount of Ga but its slope reduces for Ga content higher than 40%. As a result, both fill factor and efficiency increases with the Ga content, reaching a maximum about 30% of Ga and the decreasing with higher Ga contents.
Effect of defects density of layers
A large variety of crystal defects determine the electronic properties of semiconductors. Some of these act as donors or acceptors that are essential for the operation of a solar cell as they produce the p-n junction. Others are recombination centers that limits the lifetime of minority carries and hence the efficiency of these cells. Still others are responsible for carrier scattering or recombination; some of them trap carriers and influence the space charge that determines the carrier transport. A better knowledge of the diversity of these defects helps to improve their performance. One distinguishes:
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• point defects, such as single atoms or vacancies in an otherwise near-ideal lattice;
• line defects (dislocations);
• surface defects relating to external or internal crystal surfaces; and • volume defects, relating to small, three-dimensional inclusions or defect associates.
Defects formation energies in the prototype chalcopyrite CuInSe 2 semiconductor were obtained through ab initio methods by S.B. Zhang [21] . These results were validated by experimental measurements using various techniques. Table 4 shows the formation energies and types of defects in CuInSe 2 according to references [21] and [22] .
To better understand the effects of defects on CIGS solar cells, the photovoltaic parameters for CIGS solar cells have been studied as a function of the defect density in the different layers of the PV device. In this simulation the analysis has taken out by varying the defect density of one layer while keeping the defect density other layers constant. Henceforth we will use the band gap and electron affinity values calculated for CIGS absorbers with x=0.3. Defect densities were varied from 10 15 cm -3 to 10 19 cm -3 .
Effect of defects density of window layer ZnO
In order to study the effect of defects in ZnO we will calculate the photovoltaic parameters for a defects density ranging from 10 15 to 10 19 cm -3 , while keeping constant the defect densities of both CIGS absorber layer and CdS buffer layer. Figure 5 2 therefore a decrease of 11 %. Therefore, according to these results the rise of defects density in the ZnO layer has little impact in the performance parameters.
Effect of defects density of buffer layer CdS
In order to study the influence of defect density in the buffer layer in the performance of CIGS-based PV devices, the PV parametres were calculated as a function of an increasing defect density in the CdS buffer layer ranging from 10 15 to 10 19 cm -3 while keeping constant the defect of absorber CIGS layer and window ZnO layer. Figure 6 shows the main photovoltaic parameters Voc, Jsc, FF and ɳ as a function of the defect density in the CdS buffer layer. From A little variation of photovoltaic parameters is observed for the defect density range studied. The cell performance is quite insensitive to the presence of defects in both buffer and window layers and concentration of defects as high as 10 19 cm -3 produces a fall in the efficiency lower than 1%.
Effect of defects density of absorber layer CIGS.
We varied the defect of layer CIGS from 10 15 to 10 19 cm -3 while keeping constant the defect of buffer layer CdS and window layer ZnO. Figure 7 shows the effect of defect density of layer CIGS on cell performance of cell parameters and show that basic parameters were severely affected when we increased the defect 10 15 to 10 19 cm -3 . Table 5 shows the performance parameters of the CIGS cell based on different values of defect of layer CIGS. The open-circuit voltage and short-circuit current are degraded by increasing the defect density. Voc drops from 0.758 to 0.417 Volt therefore a decrease of 45%. J sc drops from 43.16 to 22.29 mA/cm 2 therefore a decrease of 48%. Voc decreases less that J sc by the recombination with the localized energy levels, which is created by defects, which cause current leakage. As a result, the conversion efficiency drops from 25.87 to 4.50% therefore a decrease of 83%. Figure 8 shows the External Quantum Efficiency (EQE) as function of wavelength for different values of defect density in layer CIGS. When the wavelength is in the range of 400-1200 nm, the absorption efficiency quickly decreases with increase of p-CIGS defect.
For a defect density of 10 15 cm -3 the quantum efficiency has a maximum absorption value close to 92% and the device has a moderate ultraviolet response and a strong visible light and red response. The loss in the Numerical Simulation And Performance Optimization Of Cu(In,Ga)Se2 Solar Cells DOI: 10.9790/4861-0804040111 www.iosrjournals.org 5 | Page ultraviolet part of the incident spectrum can be justified by considering the moderate carrier collection in the ntype layer. When the defect density increases from 10 15 cm -3 to 10 19 cm -3 the EQE decreases. The low absorption in highest p-CIGS defect is considered that the corresponding spectrum is not completely absorbed by the p-type absorption layer. Higher defect density in p-layer leads to pronounced decrease in the performance parameter of CIGS cell solar than the defects in other layers such CdS and ZnO. This is justified by the fact that the front layers n-CdS and n-ZnO are always thinner and have lesser absorption than the absorber p-CIGS layer. The bandgap Eg of p-CIGS absorber is equal about to 1.2 eV and the defect have a Gaussian distribution in energy with a width 0.2 eV around the maximum located at 0.6 eV .So we have these defects located near the middle of the gap and thereby act as recombination centers and also the increased density makes the recombination phenomena more significant and causes fewer carriers and subsequently decreasing performance conversion.
Effect of defects at interface CdS/CIGS
To understand the effect of defects at the interface CdS/CIGS, we increase the defect in interface CdS/CIGS from 10 15 cm 2 to 10 20 cm 2 at AM 1.5 conditions (100mW/cm 2 ) . Figure 9 shows the variation of cell parameter as function of defect interface CdS/CIGS. In this case all photovoltaic parameters decrease with increasing the defect density in the absorber. In the studied defect range Voc drops from 0.7247 V to 0.5630 V therefore a decrease of 22%. J sc is less sensitive to defects than Voc and only drops 3% (from 41. 16 , where the defect has influence on the performance of the cell. Therefore, the defects at the CdS/CIGS interface have a minor effect on the performance of CIGS solar cell than the defects density at CIGS absorber layer and this result is in good agreement with Heath et al. [23] .
The defects at the CdS/CIGS interface deteriorated the performance parameters of the CIGS cell however these effects are minor than the defects in p-CIGS layer. The recombination at the CdS/CIGS interface is less than at CIGS absorber because a major role in the suppression of interface recombination is played by the Cu-poor surface defect layer that forms in Cu-poor chalcopyrite. XPS studies show the presence of an In-rich ntype material at the surface of the p-type CIGS and causes large band bending that contributes to the device performance [24] .
IV. Conclusion
This work has used the capabilities of computer simulation of SCAPS-1D to address the issues of defect in CIGS. The device parameters chosen for the simulation generate the main PV parameters that closely resembles that of the parameters obtain experimentally.
The simulation shows that the highest efficiency for CIGS solar cells is reached when the Ga content in the CuIn 1-x Ga x Se 2 absorber (x) is 0.3. Then we have theoretically performed device modeling for an ideal thin film solar cell based on the CuIn 0.7 Ga 0.3 Se 2 absorber to investigate the effects of defect density in CIGS and defect in interface CdS/CIGS. The main PV parameters such as open circuit voltage, short-circuit current, fill factor and photo conversion efficiency for different types and concentration of defect states were simulated.
The main results are: the defect states in the absorber layer CIGS always deteriorated the performance of CIGS solar cells than defect in interface CdS/CIGS but however for better understanding of these effects we must considered the effects of temperature and thickness. For future improvement of solar cell CIGS the issue of defects should be taken into account.  Photovoltaic performance of CIGS solar cells were obtained as function of Ga content.  Defects in the buffer and window layers have low influence on solar cell performance.  Defects at the interface can reduce the efficiency of solar cell up to 30%.  Defects in absorber layerare very important and are able to cancel out the efficiency. 
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